Focused ion beam (FIB) milling is receiving increasing attention for nanostructuring in silicon (Si). These structures can for example be used for photonic crystal structures in a silicon-on-insulator (SOI) configuration or for moulds which can have various applications in combination with imprint technologies. However, FIB fabrication of submicrometre holes having perfectly vertical sidewalls is still challenging due to the redeposition effect in Si. In this study we show how the scan routine of the ion beam can be used as a sidewall optimization parameter. The experiments have been performed in Si and SOI. Furthermore, we show that sidewall angles as small as 1.5 • are possible in Si membranes using a spiral scan method. We investigate the effect of the dose, loop number and dwell time on the sidewall angle, interhole milling and total milling depth by studying the milling of single and multiple holes into a crystal. We show that the sidewall angles can be as small as 5 • in (bulk) Si and SOI when applying a larger dose. Finally, we found that a relatively large dwell time of 1 ms and a small loop number is favourable for obtaining vertical sidewalls. By comparing the results with those obtained by others, we conclude that the number of loops at a fixed dose per hole is the parameter that determines the sidewall angle and not the dwell time by itself.
Introduction
The ultimate goal of integrated optics is to achieve full control of light propagation. Functional devices based on classical planar optical waveguiding in low to moderate refractive index contrast systems are reaching the limits of achievable complexity due to the necessarily large bend radii [1] . One 3 Present address: Fiber Optic Sensing R&D Center, Wuhan University of Technology, 430070, Wuhan, People's Republic of China. possible route towards increasing integration density by several orders of magnitude is using so-called 'photonic crystal slabs' (PCSs), which have recently received much attention. By introducing 'defects' in a PCS in a controlled manner, one is able to implement passive and active building blocks (e.g. filters [2] , sensors [3] , and lasers [4] ). Important breakthroughs have been reported on nano-cavities having Q-factors [5] exceeding 10 5 [6] and their applications as filters and even as all-optical transistors [7] . The reduction of the group velocity in PCS structures by several orders of magnitude [8] and their application as a tuneable time delay has also been reported [9] . A typical PCS structure consists of a high-refractive-index layer (e.g. Si, GaAs) perforated with a 2D periodic lattice of air holes having a diameter of approximately half the lattice period. The layer is stacked between two semi-infinite claddings that can be either patterned or homogeneous. There are two coexisting confinement mechanisms of light in PCS: in-plane confinement by the photonic bandgap effect [10] and vertical confinement by refractive-index-guiding realized by an index contrast between the PCS and its claddings. The basic functional PCS-based building blocks (resonators, waveguides, filters, switches, etc) are relatively small structures (10-40 μm) , which can be combined to form more complex large-scale architectures. Desired milling depths for photonic operation and moulds are between 100 and 200 nm [11] and the typical hole size is about 200-300 nm in diameter, arranged in a lattice with a periodicity around 0.5 μm [5, 7, 8, [12] [13] [14] .
Focused ion beam (FIB) milling can be used to define these PCS structures in, for example, silicon, which can be used as a mould for nano-imprint lithography, or in a silicon on insulator (SOI) layer configuration suitable for photonic applications [14] . An important challenge for nanophotonics is its interfacing to the outside world. For guided-wave applications, it is often necessary to use relatively large-sized access waveguides that are usually defined using conventional lithography and etching methods. On the other hand, we have the small photonic crystal elements with features requiring sub-10 nm resolution, which should be accurately aligned with respect to the larger structures. Due to its inherent imaging and high-accuracy alignment properties, FIB is a promising tool for fabricating nanophotonic structures on substrates containing predefined microscopic and macroscopic waveguiding structures.
In opto-electronics, FIB has been applied for fabrication of micro-optical components with low surface roughness [15] and for defining the end facet mirrors for conventional semiconductor lasers [16] . It has also been applied for bulk micromachining of macro-porous silicon in order to fabricate 3D Yablonovite-like photonic crystals [17] , and for fabricating 2D periodic, metal nanostructures [18] of which the shape of the primitive unit cell can be varied [19] . Another application of FIB has been the fabrication of quasi-2D photonic crystals by milling 1D gratings into freestanding multilayer membranes [20] . Direct FIB milling in silicon is still in an early state of maturity, the losses by modifications of the crystalline Si [21] [22] [23] induced by ion bombardment and implantation of, for example, gallium ions within the sample [24] are still too high [25] to realize highquality PCS devices. However, some recent results have been achieved in lowering the losses by either using etchassisting gasses [25, 26] or heat-treatments (out-diffusion of ions) [27, 28] , which may lead to breakthroughs on this subject. The damaged Si at the Si-air interface may be removed by wet chemical etching [29] . On the other hand, FIB processing is an ideal candidate for fabrication of moulds, where the previously mentioned disadvantages of the ion milling process do not apply [11, 30, 31] . The smoothening effect of FIB processing [32] can, for example, be exploited for creating nanosmooth moulds and replicas.
Perfectly vertical sidewalls are, in principle, required for photonic applications to guarantee low-loss propagation; sidewall angles of 5
• can already induce a 8 dB mm
propagation loss [33] . Fabricating submicron holes in silicon with perfectly vertical sidewalls by FIB milling is challenging due to the redeposition effect [23, [34] [35] [36] : sputtered Si atoms or clusters can be redeposited locally. This effect is less pronounced in the milling of slits (or trenches), which can result in sidewall angles up to a few degrees for low currents [37] . For similar structures as studied in this paper, sidewall angles of ∼9
• have been reported obtained using a multi-pass type raster scan [38] . The redeposition effect becomes more dominant when the size of the holes is decreased. A straightforward solution for lowering the effects of redeposition by using a repetitive pass system was published in 1984 by Yamaguchi et al [39] . That work forms the basis for investigations on the milling properties that can be manipulated by varying the dwell time [40] [41] [42] (the time the beam is stationary at a fixed point), which may influence the number of repetition loops. However, dwell-times cannot be made arbitrarily small, because FIB does not provide infinite contrast between written and non-written areas. This is because a structure is defined using, for example, a raster scan while modulating the ion beam current. The ion beam cannot be completely turned off when moving sequentially from one pixel to the next, leading to unwanted milling of the nominally unwritten area. However, the contrast can be increased choosing an appropriate milling strategy, as we will show in this paper. Besides the contrast, the scan path of the ion beam can also influence the geometry of the milled structure. The most common scan routines are serpentine, raster, annulus and radial (or spiral), which are described in [35, 43] . The main method for analysing the geometry is cross-sectioning of the holes and subsequent inspection by scanning electron microscopy (SEM). The SEM photos are then further analysed to find the milling depths, sidewall angles and average hole diameters. The exact cross-sectioning method is presented first in detail in section 2.2, because we found that some cross-sectioning methods might influence the originally milled geometry leading to incorrect interpretations. In section 3, we compare the hole geometry obtained for two routines for bulk Si, SOI and Si membranes, namely raster and spiral scanning. The remainder of this paper refers to results obtained by using the spiral-scan routine. To optimize the sidewall angles of the submicrometre holes needed for photonic operation further, we investigated in section 4 the impact of a range of doses on the milling depth and sidewall angle for both individual holes and holes within a triangular-lattice crystal at 48 pA. Furthermore, in section 5 we present the dwell-time-loopnumber-combination variation for a milling current of 48 pA, while keeping the total dose constant. Finally, the main conclusions are presented in section 6.
FIB processing

Machine properties and general settings
A dual-beam FIB machine, the Nova 600 from FEI Company, was used for processing our structures. This machine has the advantage that it contains both an ion beam and an e-beam column. This powerful combination allows for both chargeneutralization in the case of milling insulating materials, and non-destructive characterization by SEM. The ion beam is generated from a gallium liquid metal source. The field of view (FoV) of this FIB machine is divided into 4096 × 4096 pixels. The actual size of this grid depends on the magnification set prior to the milling. We used a magnification (in a view mode termed Quad-view) of 5000 (5 kX), resulting in a field of view of about 25 × 25 μm 2 , and a minimum inter-pixel distance of 6.2 nm. For the experiments reported in this section the dwell time was predefined without optimizing at a value of 0.1 ms, which in our case resulted in a loop time of 6.0 s. All pixels are sequentially specified by their coordinates and dwell time. The 1/e ion beam spot-size was maintained at approximately 1.5 times the inter-pixel distance. This spot-size is mainly determined by the FIB milling current, which can be set in discrete steps by selecting an aperture size. Although the spot-size grows with the milling current, the lowest current (1.5 pA, spot-size = 7.5 nm) is not the optimum for practical reasons like the total milling-time and the feasible accuracy of focusing of the beam. In previous experiments we found that milling at 48 pA, which gives a spot-size of about 18 nm, provides for this FoV a good balance between milling time and accuracy. Switching between currents would be ideal for larger structures; the boundaries of the hole could then be defined at a low current (small spot-size). However, switching between currents and thus apertures is not an option in the FIB used in this research, because each aperture has a different focus and beam offset, which cannot (in our current machine) be programmed.
Cross-sectioning
In this work, cross-sections need to be realized in order to study how geometries of submicrometre-sized holes in several material systems are affected by the milling parameters. We tried several cross-sectioning techniques, namely milling of a hole with a sloped milling depth, line by line polishing, and combinations of these. In figure 1 (a), a combination of both methods is used, first a big hole is milled at a current of 48 pA having a sloped bottom with the largest depth found at the cross-section interface; second a line by line milling strategy is applied at a lower current of 28 pA to achieve a smooth surface. The figure shows that redeposited material fills up the holes and possibly modifies the shape of the hole. One of the effects of redeposition is a very low contrast between the original un-milled Si and the milled holes. The shape may be partially resolved by using low acceleration voltages and a high resolution SEM machine to minimize the influence of the observed charging effect.
However, a better method, which is used for the Si and SOI milling experiments presented in this paper, is first locally depositing a layer of platinum (Pt) using the FIB and a precursor gas (methylcyclopentadienyl)trimethyl-platinum. Second, a hole is milled with a sloped bottom to avoid long milling times. Finally, a line by line scan (termed cleaning cross-section) is applied at a lower current (28 pA) to establish a high-contrast high-resolution image; see figure 1(b). Since the electron beam and the ion beam are arranged at a fixed angle of 52
• , SEM photos at an angle can be made of the crosssection without rotating the stage. Small angles can be used for visualizing the cross-sections of deep holes to minimize the size and consequently the milling times of the large hole for cross-sectioning. Since the SEM photos are taken under an angle, the horizontal scale bar cannot be applied to the vertical direction. The length of the image in the vertical direction has to be scaled by 1/ sin (angle).
The membrane structures were cross-sectioned by milling a slit into the membrane using a current of 48 pA and fine-polishing using a line by line milling strategy at a current of 9.7 pA. Although redeposition on the sidewall cannot be completely avoided when using this procedure, we observed little difference when comparing the cross-sectioned membrane with the angled top view SEM images; an example is shown in figure 2.
Spiral scanning versus raster scanning
The standard scanning method used in most FIB applications is the raster scan, which is schematically shown in figure 3 (a). The ion beam scans from one side to the other, while it mills for a specified dwell time at the pixel positions provided in the pattern definition file (here termed the stream file). Since the beam is not switched off between the holes, the scan routine causes interhole milling, which leads to the top surface in the entire FoV being lowered with respect to the surrounding • ). The hexagons shown here were rotated by 9
• with respect to the photonic crystal lattice, in order to obtain an enlarged photonic bandgap [13] . Through the structure a 'shadow pattern' can be seen in the bottom silicon due to milling of the ion beam into the substrate. A cross-section (viewed at 35
• ) of the same structure made by milling a slit into the air-bridge PCS is shown in the inset. The structure was milled at 9.7 pA using a dwell time of 0.01 ms. surface. We refer to this effect as the structure being 'sunk' into the substrate. A better method for milling arrays of holes is spiral scanning. A schematic drawing of the spiral scan is also shown in figure 3(b) . The spiral scan significantly reduces the amount of interhole milling, as will be shown experimentally in the next section. This method is expected to produce more vertical sidewalls, because locally redeposited material is immediately milled away to a large extent. The method is tested on circular holes for reasons of obvious symmetry; however, the spiral scan method is also expected to yield results with respect to the decrease in interhole milling and the sidewall angle for non-circular holes. The spiral scan method may also be beneficial for holes having sharp corners; however, this has not been investigated in this research.
In section 3.1 we will compare the two scan routines, applied to 'bulk' Si for two doses. In section 3.2 the same experiment is repeated for SOI, and in section 3.3 the scan routines are evaluated on Si membranes.
Silicon
For the experiments reported here we mounted a piece of ptype Si 100 on a chuck using silver paint for providing a conducting path between the sample and the grounded holder. The electrical contact when using the paint is much better than for example is obtained using double-sided carbon tape. However, in some cases we noticed that the paint had a non-uniform layer thickness, resulting in specimens that were slightly tilted up to 2
• , which may lead to asymmetrical holes. We designed two stream files defining 50 holes with 250 nm diameter and 440 nm periodicity. The raster scan file defined 64 689 pixels, whereas the spiral scan file comprised 59900 pixels. The difference, which is caused by the spiral pattern filling the circular hole shape more efficiently, leads to small differences in the dose per hole. The two writing patterns were compared for 12 and 36 repetitions (loops), resulting in milling depths of about 250 and 900 nm, respectively. The ratio between the number of loops and the milling depth is not linear due to the redeposition effect, as we will show in section 4. The spread in milling depth will both reveal the best method for fabricating holes suitable for photonic application (12 loops) and it can show the geometry differences when subjected to a high level of redeposition (36 loops).
Figure 4(a) shows the result of a 12-loop raster scan. The overview SEM and the cross-section were taken at an angle of 52
• . Due to the angle, the scale bar in the vertical direction has to be multiplied by sin(52 • ) to match the scale bar displayed for the horizontal direction, as mentioned in section 2.2. Because the structure of holes is sunk into the host material, we define two milling depths, shown in the inset of figure 4(a) . The first one is the total ('absolute') height h abs from the bottom of the hole to the surface of the silicon (just outside the exposed area around the holes, which might be subject to swelling [44, 45] ). The second one, the relative height h rel is defined as the height difference between the bottom of the hole and the interhole sidewall. Furthermore, the average hole diameter is defined from the side view as the hole diameter at 0.5 h rel . The sidewall angle ϕ is defined as the angle between the surface normal and the sloped sidewall, estimated around 0.5 h rel . In some cases, for either scanning routine, the holes may show different angles at both sidewalls, which may be due to drift, sampletilt or other mechanisms. Therefore, we took ϕ as the average angle of both visible sidewalls. Figure 4(b) shows the results of the spiral scan. Without detailed graphical analysis it can be seen that the spiral scan gives better defined features; the sidewall angles are much smaller. This can be explained from the scanning routines shown in figure 3 ; the raster scan passes over the Si sidewalls many more times than is the case for the spiral scan. Nevertheless, we always find rounding at the top and bottom of the hole, which cannot be avoided by maskless milling. A hard mask on top like Al 2 O 3 [26] may reduce the rounding effect at the top. Another difference between the scan patterns that is apparent from figure 4 (see also figure 3 ), is the difference between h abs and h rel for both methods. Careful examination of the hole cross-sections reveals for the case of raster scanning a systematic difference between the sidewall angles measured on the right-and the left-hand side. A possible explanation will be given in section 3.2. The detailed analysis for comparison can be found in table 1.
Increasing the number of loops to 36 led to 'V' shaped holes. Figure 5 shows the results of both scan methods. Voids within the Pt are observed in the cross-section. The pattern obtained by the raster scan has sunk deeper into the Si host material, and when carefully examined the spiral scan results show a slightly better sidewall angle (8 • versus 9 • ). Despite the 10% lower dose for the spiral scan, the milling depth is only 1% (11 nm) less. This may be partially explained by the non-linear relationship between dose and depth, which will be discussed in more detail in section 4. However, the difference may also be partly attributed to the difference in scanning method, indicating that the spiral scanning method is more efficient in sputtering the material out of the hole.
Silicon on insulator (SOI)
Photonic crystal slabs require that a core layer with a high refractive index, containing the periodic structure, is enclosed between two lower-index cladding layers, in order to confine the light by effective index guiding. Moreover, for obtaining a photonic bandgap the refractive index difference between core and cladding layers should be as large as possible. A high index contrast can be established using SOI (silicon on top of silicon dioxide) for infrared wavelengths, where Si forms the guiding layer. Since the Si top layer is stacked on top of an insulator, the milling performance may be quite different from that of bulk Si because the charge distributions are influenced. Applying a conductive metal layer first is not preferred, because the milling process may cause implantation of metal particles that will give rise to increased optical loss. Therefore, the FIB milling was performed on an unmodified SOI layer stack with a Si layer thickness of 340 nm and a buried oxide thickness of 1 μm. The SOI milling results are depicted in figure 6 . Although the angled top view SEM images suggest that the hole shape does not strongly depend on the choice of scanning scheme, the cross-sections reveal a considerable difference. Raster scanning gives thinner interhole sidewalls and the angles are on average worse than for spiral scanning. In section 3.1 it has already been observed that the raster method produces nonsymmetrical shapes. This is a systematic effect originating from the scanning method, as can be seen in figures 4(a), 5(a) and 6(a). Because in the raster scan method the ion beam moves in vertical lines from right to left, the right part of the hole is milled earlier than the left part. Consequently the material milled from the left part may re-deposit on the right part, resulting in non-symmetric holes. The same explanation can be applied to the spiral method, which scans from the inside to the outside in concentric circles. As can be seen in figure 6(b) , the inside of the hole is at lower depth than the outer part. Nevertheless, the hole is quite symmetric. This effect can be reduced by slightly decreasing the dwell time, i.e. using a higher number of passes. To do this without generating a larger amount of interhole milling, each hole has to be repeated several times in the stream file before jumping to the next hole. The major restriction for this method is the maximum allowed number of coordinates within the stream file, which is currently 10 6 for the used Nova 600 dual FIB. A further quantification of the geometries can be found in table 1.
Silicon membranes
Silicon membranes are important material hosts for photonic structures [9, 10] , as they form a symmetric layer stack (airSi-air) and maximize the index contrast (1-3.4-1@λ 0 = 1550 nm). Membrane-type PCSs, often termed air-bridge photonic crystals, are better suited for FIB milling than SOIbased PCSs because the redeposition effect is less severe in membranes. Two main factors contribute to this effect. First of all, the sputtered material can escape in two directions as soon as the bottom of the membrane has been reached. Second, by slightly overetching (milling) the holes, the redeposited material can be selectively removed, resulting typically in a 'shadow pattern' milled into the bottom substrate; see figures 2 and 7.
By comparing the realized hole diameters (350-380 nm) in figure 7 with the designed value (250 nm), we observed that holes milled through a membrane were larger than designed. This is caused by both the intentional over-milling and the more efficient milling process, due to the easier transport • can be achieved. The SEM photograph is taken at a 30
• angle.
of milled material from the forming hole. This increase of hole size can be easily compensated for in the design of the structure. From figure 7 , we further find that both milling routines give similar average sidewall angles; see table 1.
Increasing the over-milling time results in even better sidewall angles; see figure 8 . We report a sidewall angle better than 1.5
• , which can compete with the combination of direct e-beam lithography and reactive ion etching [46, 47] .
Milling depth and sidewall angle versus dose in silicon
A linear relationship between the milling depth and dose can often be assumed for large d avg / h abs ratios. The local redeposition effect is not dominant in this regime, because the sputtered silicon can escape easily into the vacuum. The following relation has been found experimentally:
with I the milling current, T the milling time, V the sputtered volume and B the material-dependent sputter rate. The sputter rate for Si is 0.27 μm 3 nC −1 at 30 kV. To find the milling depth as a function of the dose, we can rewrite (1) using dose D = I T and V = 0.25πd 2 avg h abs as
The function shows a linear relation between the dose and the milling depth. However, in our case the ratio d avg / h abs is close to unity, making the redeposition more prominently observable. Therefore, the total volume that has to be milled is higher than the designed hole volume. Also, the sputter efficiency B can change because the ions impinge on a slanted surface (resulting in higher milling rates [48] ), therefore (2) transforms into a nonlinear relation for small hole sizes. In this section, the milling depth and the sidewall angle is studied as a function of the applied dose. We distinguish two situations, a single milled hole and a hole within a crystal (an array of holes) to investigate the proximity effects. 
Single hole
In the 'single hole' experiment, the same 250 nm hole diameter was used as in the experiments mentioned in the previous sections. The hole was milled using the spiral scan strategy and the current and dwell time were fixed at 48 pA and 0.1 ms, respectively. The dose was varied by changing the loop number in discrete steps from three to 200, resulting in a dose variation between 17 and 1150 pC. The holes were cross-sectioned by the method described in section 2.2 and the SEM images were analysed to quantify the hole geometry.
The data obtained from the SEM images are shown in figure 9 . The graphs shown in figure 9 can be used as calibration curves for milling individual 250 or 300 nm diameter holes. As expected, the figure shows that that the milling efficiency decreases with increasing milling depth. Moreover, we observe a strong decrease in sidewall angle at higher doses. In principle, this effect could be exploited for the fabrication of photonic components by designing the waveguiding layer to be at a depth where the sidewall angle and hole diameter have the desired values or using, for example, a sacrificial etch layer, but having the structures at the surface is for obvious reasons the most convenient choice. The observed large sidewall angles at low doses are caused by the rounding effect. Therefore, it is unlikely that the sidewall angle at the top can be lowered by increasing the dose. However, as previously mentioned, a hard mask could lower the rounding at the top of the hole. It can also be seen that the diameter defined at half the hole depth is approaching the designed value for higher doses. For comparison, we also milled a sequence of 300 nm diameter holes in Si using the FIB built-in spiral scan routine (not convenient for defining an array for holes) with the standard dwell time of 0.1 μs. Since the hole diameter is larger, the sputtered material can escape more easily, which results in higher milling depth for the dose range between 200 and 1000 pC. A collage of the SEM images can be found in figure 12 . The data belonging to the curves in figure 9 can be found in table 3 for the 250 nm hole and in table 4 for the 300 nm hole. 
Hole as an element of an array
In the previous section we showed the single hole milling results; however, for a PCS many holes arranged within, for example, a triangular or square lattice have to be milled. The geometry evolution at increasing dose is likely to differ from the single hole experiment due to proximity effects: milling of one hole interferes with the milling process of the surrounding holes in the array, resulting in different geometries. Another important effect for PCSs is the interhole milling, which manifests itself by the difference h abs − h rel . We studied the milling of holes in a triangular lattice having a 440 nm lattice constant. The dwell time was again fixed at 0.1 ms and the current at 48 pA.
In figure 10 we observe similar results for the milling of PCS holes as for single holes. However, an important difference is that in this case the milling depths are larger for the dose range studied here. As expected, the relative milling depth is smaller than the absolute milling depth. The figure suggests that the difference h abs − h rel evolves to a constant value. The data can be found in table 5.
Dwell time and loop number variation
Besides optimizing the hole geometry by choosing an appropriate scan strategy, the geometry can also be favourably influenced by the dwell time [39, 41] . Varying the pixel dwell time implies a variation in dose, which makes the effect of the dwell time value less visible; see figures 9 and 10. Therefore, the dose was kept constant at 69 pC per hole while varying the combination loop number and dwell time. The loop number was varied from two to 200 and the dwell time from 6 μs to 0.6 ms.
The results of the experiments are displayed by the graphs in figure 11 . They show that the most favourable conditions for milling are at low loop numbers and, consequently, at large dwell times around 1 ms for the studied dose. However in [41] it was reported that extremely large dwell times should be avoided. The figure also shows that the milling efficiency decreases for an increasing number of loops. Regarding the sidewall angle it is obviously not desired to have a high • angle, and the bottom row at 45
• . The holes were designed using the FIB built-in procedure to an average diameter of 300 nm and the current and dwell time were fixed at 48 pA and 0.1 μs, respectively. number of loops for a dose of 69 pC. A high loop number also increases the interhole milling drastically. These findings confirm the assumption that the dwell time is not the parameter that should be optimized but the dose per pixel per loop, or in other terms optimizing the number of loops while keeping the total dose per hole constant. In [49] it was suggested that smaller dwell times lead to better sidewall angles; however, the authors used a large current (>2.8 nA), which may explain their findings. The data from which the graphs in figure 11 have been constructed can be found in table 6 .
Similar experiments were conducted on SOI for two currents; the results are shown in table 2. The values show a close resemblance to the values obtained from the Si milling experiment at 48 pA. Based on these results, we conclude that lowering the current does not lead to a significant reduction in sidewall angle at a dose around 60 pC. This seems to contradict the observation published in [48] , where the sidewall angle is related to the width of the Gaussian beam shape. However, the difference may be explained by the fact that the authors also modify the dose per pixel when varying the current and the investigated dose and hole diameter differ. Our results suggest, for currents in the studied ion current range between 9.7 and 48 pA, that there is no direct relation between the current (which determines the spot size and shape of the tails of the beam) and the sidewall angle. The main reason for this is that redeposition is the dominant effect.
Conclusions
We have shown that it is necessary to deposit a metal (here platinum) before making cross-sections to avoid perturbation of submicrometre milled holes through redeposition, and to achieve a large contrast. The large contrast was needed to determine parameters such as the sidewall angle, milling depth and hole diameter with high precision. Two different routines for scanning the beam over the sample were compared for milling in silicon, SOI and silicon membranes: raster scanning and spiral scanning. The spiral method has the advantage that the amount of structure lowering (sinking of the structure within the substrate) and interhole milling can be reduced significantly. We also found a slight increase in verticality of the sidewall angles and an increase in symmetry of the hole for the spiral scan routine applied to silicon and SOI. The study on the silicon membranes showed that, using the spiral method, it is possible to achieve sidewall angles as small as 1.5
• , which is comparable to state of the art dry etching achievements in silicon.
Further optimizations were explored by varying the dose applied to a single hole and to a hole as part of an array, while fixing the dwell time at 0.1 ms. We found that the sidewall angle at half the hole depth can be decreased to values of about 5
• in Si. Furthermore, we experimentally showed the non-linear relationship between the depth and dose for submicrometre holes. We found that due to the proximity effects presented here, we obtain a slightly higher milling rate for the holes in an array than for single holes. In the studied dose range we observed also a constant difference between the absolute depth h abs and the relative depth h rel . The impact of the combination dwell time and loop number was investigated by fixing the dose at 69 pC and varying the number of loops between two and 200 and the dwell time between 0.6 ms and 6 μs in Si. The most favourable combination with respect to the hole geometry was found to be a small loop number in combination with a relatively high dwell time of 1 ms. The results seem to contradict with other findings in which smaller dwell times are recommended. Therefore, we assume that the number of loops at a fixed dose per hole is the best optimization 3  17  83  68  310  53  6  35  160  141  290  20  12  69  320  292  261  11  30  173  872  766  220  8  60  345  1168  1065  222  6  90  518  1312  1224  217  5 a Lattice constant 440 nm, hole diameter 250 nm. b Milled at 48 pA using a 0.1 ms dwell time. parameter with respect to the sidewall angles (redeposition) and not necessarily only the dwell time. In SOI we found a similar result for the combination of dwell time and loop number for beam currents of 9.7 and 48 pA.
